ABSTRACT. River, ground, and peat water from a basaltic catchment area, Laxá in Kjó s Southwest Iceland, were sampled and analyzed for major element concentrations to define the effect of glassy versus crystalline basalt, the formation of secondary minerals, and runoff on fluxes of dissolved elements to the ocean.
K and Mg fluxes were found to be independent of rock crystallinity. However, runoff alone cannot explain the fluxes of these elements, and it seems that vegetative cover and seasonal variations in biomass activities influence the K and Mg fluxes.
introduction
Weathering of rocks and the transport of chemical constituents by water flowing into the ocean are of central importance to the global geochemical budget. For this reason the subject has generated a great deal of attention in recent years (Bluth and Kump, 1994; Drever, 1994; Lasaga and others, 1994; Edmond and others, 1995; White and Blum, 1995; Dupré and others 1996; Gíslason, Arnórsson, and Á rmannsson, 1996; Louvat and Allègre, 1997; Gaillardet and others, 1999; Moulton, West, and Berner, 2000) . Furthermore, weathering of Mg-Ca silicate rocks on the Earth's surface influences the long term atmospheric CO 2 content and therefore long-term climatic changes (Walker, Hays, and Kasting 1981; Berner, Lasaga, and Garrels, 1983; Brady and Caroll, 1994; Berner, 1995; Brady and Gíslason, 1997) . The negative feedback link between climate and weathering on land is more through runoff than temperature directly (Berner and Caldera 1997) , such that the higher temperature the greater the rainfall on the continents.
Runoff has been shown to be the primary variable controlling chemical weathering rates on land (White and Blum 1995; Gíslason, Arnórsson, and Á rmannsson 1996; Gaillardet and others 1999) . Runoff integrates the effects of solubility of secondary and primary minerals, and climate, namely temperature and precipitation, on chemical weathering rates. At a given temperature the effect of runoff on solute fluxes may be variable. For example, in soils and rocks that are not water saturated, increased runoff at a given temperature increases the surface area of rock fragments that are in contact with water, resulting in increased fluxes of mobile elements. The same is true for solutes that are controlled by formation of secondary minerals as long as the kinetics of precipitation remain the same. However, if the soils or rocks are water saturated and/or the kinetics of dissolution/precipitation reactions governing the chemical composition of the water are slow, increased runoff may dilute the aqueous solutions, leading to decreased solute concentrations at higher runoff rates. This is true for both mobile elements and solutes controlled by secondary processes. Such dilution effects do not have to lead to decreased solute fluxes with increasing runoff. More likely, the effect of runoff on solute fluxes to the oceans will be less than if the soils or rocks are not water saturated. At given climatic and lithologic conditions, the precipitation chemistry can affect the rock-derived solute fluxes to the ocean. Precipitation in coastal areas at low elevations has high concentrations of dissolved constituents (Gíslason, Arnórsson, and Á rmannsson 1996) , resulting in less weathering of the rocks before reaching close to saturation with the rock forming minerals. Acidification of precipitation has the reverse effect.
Regions dominated by exposed reactive Mg-Ca silicate rocks, high rainfall, and high relief are the most important long term CO 2 sinks on land (Gíslason, Arnórsson, and Á rmannsson, 1996) . Basalt is among the most easily weathered rocks containing Mg-Ca silicates on the Earth, and basaltic glass weathers faster than crystalline basalt (Meybeck 1979; Gíslason and Eugster, 1987a; Bluth and Kump, 1994; Taylor, Lasaga, and Blum, 1999) . Therefore, weathering of basalt has been given considerable attention, both mineral alteration and the chemistry of the water involved in the weathering process. Despite differences in the environmental conditions in the study areas, a similar weathering pattern of basaltic rocks has been observed with respect to the least mobile elements: Al, Fe, Mn, and Ti (Nesbitt and Wilson, 1992; Taylor and others, 1992; Crovisier and others, 1992) . The total dissolved solids of water in basaltic environments vary considerably. However, similar trends are observed for the relative distribution of dissolved chemical constituents, and the elemental ratios show a linear relationship, according to the results reported by Gíslason and Eugster (1987b) , Gíslason and Arnórsson (1993) , Benedetti and others (1994) , Gíslason, Arnórsson, and Á rmannsson (1996) , , and Louvat and Allègre (1997) .
Numerous studies have been carried out on the geochemistry of river and cold ground water in Iceland and on the chemical weathering of basalts in Iceland (Cawley, Burruss, and Holland, 1969; Á rmannson and others, 1973; Rist, 1974 Rist, , 1986 Á rnason, 1976; Gíslason and Eugster, 1987b; Gíslason and Arnórsson, 1993; Arnórsson and Andrésdóttir, 1995; Gíslason, Arnórsson, and Á rmannsson, 1996; Moulton and Berner, 1998; Moulton, West, and Berner, 2000) . These studies indicate variable chemical denudation rates in Iceland, ranging from 19 to 146 t/km 2 /yr, with an average value of 55 t/km 2 /yr (Gíslason, Arnórsson, and Á rmannsson, 1996; , which is almost double the world-wide average of 26 t/km 2 /yr (Berner and Berner, 1996) . These high weathering rates have been explained to some extent by the high content of glass in Icelandic rocks. However, no studies have shown a direct positive correlation between weathering rates or weathering fluxes and the glass content of the rocks.
The objective of this study was to quantify the effects of runoff, formation of secondary minerals and rock crystallinity on dissolved elemental fluxes to the ocean. Temperature, lithology (other than crystallinity), and rock age were similar in all catchment areas in this study. For this purpose, river, ground, and peat waters were sampled from the Laxá in Kjós catchment area, Southwest Iceland.
the study area
The study area, Laxá in Kjós (195 km 2 ), is located in Southwest Iceland. The area is characterized by glacially eroded valleys surrounded by mountains. The valley bottoms are mostly below 150 m in elevation, but the mountains reach elevations of 600 to 900 m ( fig. 1 ). The study area is situated on the western margin of the west zone of active rifting and volcanism in Southwest Iceland. Its geology has been extensively studied (Fridleifsson, 1973; Kristjánsson, Fridleifsson, and Watkins, 1980; Forslund and Gudmundsson 1991; Geirsdó ttir and Eiríksson, 1993) . The rocks are of Quaternary age with thick successions of basaltic lava (crystalline basalt) formed during interglacial periods and hyaloclastite (glassy basalt) formations formed during glaciations. The regional dip of the rocks is toward the southeast, with the oldest rocks on the coast farthest to the west, and the rocks becoming progressively younger eastward. The basaltic lava and hyaloclastite formations are intruded by dikes and small shallow intrusions related to old central volcanoes ( fig. 2) .
The area can be divided into two parts with respect to vegetation. The eastern part of the catchment area reaches elevations of 200 to 350 m and is characterized by a moorland environment with peats and mosses. The western part of the area is covered mostly with dwarf scrubs and grasses and is much cultivated in places. The cultivated land is, however, well defined with respect to the river drainage, and it is, therefore, relatively easy to exclude any anthropogenic inputs into the waters by sampling the rivers above the cultivated areas. There is very little vegetative cover above 500 m (The Agricultural Research Institute, 1982) .
The climate of the study area is oceanic boreal with cold summers and relatively warm winters with a mean temperature around 4°C and an annual precipitation between 1000 and 1500 mm (Eythórsson and Sigtryggsson, 1971; Einarsson, 1991) .
data handling and database
Sampling.-Samples were collected during three periods: late summer 1996, mid-winter 1997, and spring 1997. During the first two periods the vegetation was at its Saemundsson and Einarsson (1980) and Fridleifsson (1973) . maximum and minimum, respectively, and the springtime coincides with the season of melting snow. This kind of sampling is thought to give a picture of the extreme environmental conditions of the study area.
The discharges were determined whenever possible by measuring the crosssectional area of the river profile and the flow velocity. For the smallest streams and springs, however, the discharges were measured by recording the time it took to fill a container of known volume. The error in the discharge measurements is considered to be within 20 percent.
The water samples for determination of cations, anions, and nutrients were filtered on site through 0.2 m millipore membranes (cellulose acetate) with a polypropilene filter holder into low density polyethylene bottles; 0.5 to 2 l of water were pumped through the filtration unit before the samples were collected. Samples for determination of cations were acidified with suprapure® concentrated nitric acid, 0.5 ml in 100 ml. Samples for anion constituents were not treated. Two amber glass bottles with specially designed taps to prevent air bubbles in the bottles were used to collect samples for determination of pH and alkalinity. To prevent any organic growth or decay, samples for the determination of nutrients were refrigerated (Ϫ18°C) within hours after collection and kept frozen until analyzed.
Chemical analyses.-Alkalinity and pH were determined within two days after sampling with a Metrohm titrator and an Orion pH Triode™ electrode, respectively. The pH electrode equipped with an outer O-ring was placed directly into the glass amber bottles that had tops of almost the same diameter as the electrode. The electrode and the O-ring formed a seal that prevented any water atmospheric CO 2 exchange and subsequent pH change. Chlorine and F were determined in filtered unacidified samples by a sensitive electrode. Silica, Mg, Ca, Na, Fe, Al, and S were analyzed with a Thermo Jarrel Ash ICP-AES and K (as K ϩ ) on a Wescan HPLC. The concentrations of nutrients (NO 3 , NO 2 , NH 4 , and PO 4 ) were determined colorimetrically with an Alpkem autoanalyser. Boron was determined on a Cary spectrometer after reaction with methylene blue and extraction with dichloroethane. The analytical precision, based on replicated analyses of the water samples, is given in table 1. Samples out of charge balance by more than 15 percent, as calculated by the WATCH speciation program (Arnórsson, Sigurdsson, and Svavarsson, 1982) , version 2.1A (Bjarnason, 1994) , were not used in the present study.
All rock analyses used in the present study were from Fridleifsson (1973) . Speciation calculations.-The WATCH program of Arnórsson, Sigurdsson, and Svavarsson (1982) version 2.1A (Bjarnason, 1994) was used to calculate the aqueous speciation for the water samples. The WATCH program has recently been revised for aqueous aluminum hydroxides (Arnórsson and Andrésdóttir, 1999) and the solubility of some common gases (Arnórsson and others, 1996) . For the present study the thermodynamic properties of aqueous trivalent Fe hydroxy complexes have been updated using data from Diakonov and others (1999) and Diakonov and Tagirov (2001) .
The procedure described by Stefánsson, Gíslason, and Arnórsson (2001) for calculation of aqueous Fe(II) and Fe(III) species activities was used in the present study. For surface waters, the Fe 3ϩ /Fe 2ϩ activity ratio was calculated from an empirical relation with pH. Further, this activity ratio was used to calculate the distribution between Fe(II) and Fe(III) from measured total Fe concentrations at a given pH taking into account Fe hydroxy, sulphate, and chloride complexes. The Eh, calculated from the distribution of Fe(II) and Fe(III) species is based on measured Fe(II) and Fe (III) concentrations that show the same relationship with pH as predicted from equilibrium calculations for the reaction Fe 2ϩ ϩ 3H 2 O ϭ Fe(OH) 3 (s) ϩ 3H ϩ ϩ e Ϫ at pH between 6 and 9. In most cases Fe(II) was calculated to be the dominant form of total Fe in surface water, ranging from 39 to 96 percent, with an average value of 74 percent of the total measured Fe in these samples. Aqueous Fe 2ϩ was the dominant form of Fe(II) (85-100 percent of total Fe(II)). The dominant aqueous Fe(III) species was Fe(OH)°3 accounting for 18 to 82 percent of total Fe(III). For the most acidic waters, the Fe(OH) 2 ϩ dominated. Recent experimental and theoretical research shows that aqueous Al complexes with aqueous Si in alkaline solution resulting in a Si-Al complex ([(OH) 3 -Al-OSi(OH) 3 ] Ϫ ) (Pokrovski and others, 1998) . According to the thermodynamic data of Pokrovski and others (1998) the stability of the complex increases with decreasing temperature. For the waters in the study area with a pH exceeding 7 the Si-Al complex was calculated to be the most important aqueous aluminum species and accounted for 22 to 73 percent of the total dissolved aluminum concentration. The presence of such Table 1 Analytical uncertainties obtained from replicated analyses of water samples and estimated uncertainties for physical properties of the catchment area a complex indeed influences the activity product for mineral-water reactions. Therefore, the aqueous Si-Al complex was incorporated in the speciation calculations in the present study using data on its stability reported by Pokrovski and others (1998) .
Characteristics of the catchment area.-The sizes of the catchment areas were estimated on a topographic map. Some uncertainty may exist for spring-fed rivers, but as such rivers are found where the catchment areas are divided by mountains with steep slopes, these uncertainties are considered small.
The areal distribution of individual rock formations and vegetative cover were estimated for each catchment area. For the rock formations, the geological map ( fig.  2 ) was used. The age of individual stratiographic units was assigned on the basis of data reported by Fridleifsson (1973) and Kristjánsson, Fridleifsson, and Watkins (1980) . In order to calculate the weighted average age of the rocks in each catchment area, the fraction of the total area covered by each stratigraphic unit was measured and multiplied by its assigned age (table 2) .
A similar method was used for the estimation of vegetative cover. The areal distribution of lakes, barren areas, grass, and peat was measured for each catchment area, and each group was then assigned an average measure of vegetative cover of 0, 5, 30, or 75 percent, as applicable. For the eastern part of the Laxá in the Kjós catchment area the distribution of lakes, barren areas, grass, and peat was measured on a vegetation map (The Agricultural Research Institute, 1982) . However, no such map is available for the western part of the study area. For this part a cruder method was used to estimate the vegetative cover. Areas above an elevation of 500 m were assumed to be barren. Below 500 m most of the area was covered by grass, and the extent of peat was roughly estimated in the field. The results for weighted averages of vegetative cover according to the distribution of each group are given in table 2.
results
The chemical composition, temperature, and discharge of river, ground, and peat water from the Laxá in Kjós catchment area are given in table 3. (Arnórsson, Sigurdsson and Svavrasson, 1982) .
The water samples were characterized by a relatively high in situ pH, ranging from 6 to 9.5. Ground water had the highest pH value. Nevertheless, these values were somewhat lower than is typical of Icelandic ground water isolated from the atmosphere (Gíslason and Eugster, 1987b) . Peat water samples had the lowest pH values.
The total dissolved solids (TDS) of the water samples ranged from 800 mol/kg to 2200 mol/kg, with a mean value of 1290 mol/kg, which is low compared to the average value of 1580 mol/kg for river water in Soutwest Iceland (Gíslason, Arnórs-son, and Á rmannsson, 1996) and the world average for river water of 2000 mol/kg (Meybeck, 1979; Martin and Meybeck, 1979; Martin and Withfield, 1983) . In general, the total dissolved solids increased with decreasing pH. Silica concentrations were relatively homogeneous, ranging from 132 to 288 mol/kg with a mean value of 189 mol/kg. This is lower than the average Si concentration of river water in Soutwest Iceland of 230 mol/kg (Gíslason, Arnórsson, and Á rmannsson, 1996) . Sodium was the most important cation in the water samples. Silica and Na made up 23 to 42 percent of the total dissolved solids with an average value of 35 percent. Dissolved inorganic carbon (DIC), mostly bicarbonate, was the most important anion in all the water samples, with the highest values found in peat water. Chlorine was also an important anion (130-440 mol/kg) with the highest concentrations in samples close to the sea and decreasing inland. Magnesium and Ca concentrations were quite variable, lying in the range 7.5 to 148 mol/kg and 48 to 272 mol/kg, respectively, results similar to those for cold water in Soutwest Iceland (Gíslason, Arnórsson, and Á rmannsson, 1996) . Fluorine and S concentrations were low in almost all the water samples. However, one spring sample (9633) had a much higher S and F concentration than the other samples. This was probably due to the rhyolitic bedrock in the drainage area of the spring (figs. 1 and 2), though basalt is the dominant rock type of the Laxá in Kjós catchment area.
The dissolved constituents in all the samples showed the same relative distribution. For cations the relationship was, in decreasing order, Na ϩ Ͼ Ca 2ϩ Ն Mg 2ϩ Ͼ K ϩ . Silica was found in proportions similar to those for Na. For anions the trend was: HCO 3 Ϫ Ͼ Cl Ϫ Ͼ SO 4 2Ϫ Ͼ F Ϫ Ͼ nutrients. A relatively small variation was observed in the chemical composition of all the river water sampled during winter, summer, and spring, with no obvious systematic trends except for nutrients. Nutrient concentrations were at a maximum and minimum during winter and late summer, respectively. These results are in good agreement with previously published data indicating maximum concentrations of nutrients during winter when the active biomass is at a minimum and respiration and decay of the biomass is at a maximum and with minimum nutrient concentrations during summer when uptake by vegetation is maximal (Gíslason, Arnórsson, and Á rmannsson, 1996) .
Seasonal variations were observed in water temperatures and discharge. The water temperatures typically ranged between 0°and 5°C during winter and spring and 5°C and 15°C during the summer. The highest discharges were measured during the spring due to melting of snow, with runoff ranging from 95 to 699 cm/yr. Much lower discharges were measured in late summer and mid-winter, with runoff between 48 and 298 cm/yr and 63 and 383 cm/yr, respectively.
The average rock composition of each area was calculated on the basis of 72 rock analyses (Fridleifsson, 1973) and the distribution of stratigraphic units within each sub-catchment area (table 4).
source of dissolved solids Gíslason (1990) and Gíslason, Arnórsson, and Á rmannsson (1996) demonstrated that the ratios of Na/Cl, K/Cl, Mg/Cl, and Sr/Cl in Icelandic precipitation are almost identical to those in seawater. On the other hand, the concentrations of Ca and S in Table 4 Average rock composition for each catchment area a The average chemical composition was calculated on the basis of rock composition and distribution of each stratigraphic unit (where data were available); b Average rock composition of each stratiographic unit was estimated using data from Fridleifsson (1973) and Andrésdóttir (1995) and Sigvaldason and Ó skarsson (1976) for boron and potassium content of basaltic rocks in Iceland, respectively, a linear relationship was observed with a K 2 O (%)/B (ppm) ratio close to 5. This ratio and the average K 2 O content were used to estimate the average B content of the rocks for each area.
Icelandic precipitation are a little higher than the corresponding sea water ratios. In order to calculate the contribution of Ca and S from precipitation Gíslason, Arnórsson, and Á rmannsson (1996) assumed a constant enrichment for both components. As Cl concentrations in basaltic rocks are low, with an average value of 170 ppm (Sigvaldason and Ó skarsson, 1976) , Gíslason, Arnórsson, and Á rmannsson (1996) concluded that the Cl contributions derived from weathering of rocks to the total Cl concentration in surface and ground water were negligible. On the basis of this and because Cl is a highly mobile element in natural water at all temperatures (Ellis, 1970; Michard, 1991; Arnórsson and Andrésdóttir, 1995) , the solute/Cl marine ratios, including a constant enrichment for Ca and S, and the measured Cl concentrations were used to calculate the precipitation contribution of Na, K, Mg, Ca, Sr, and S in river and cold ground waters in Iceland (Gíslason, Arnórsson, and Á rmannsson, 1996) . Arnórsson and Andrésdóttir (1995) studied the geochemistry of Cl and B in natural water in Iceland. They concluded that these elements are highly mobile in all types of water in Iceland, including river and cold ground water. They did not, however, consider peat water. They argued that even though B is known to be effectively removed from aqueous solution at low temperatures, especially into illites (Harder, 1970) , clay formation is insignificant in Iceland, and non-thermal waters are generally low in dissolved solids due to high water-rock ratios. It is, however, clear that the clay fraction, at least for some soils and associated with altered basaltic glass in Iceland, is considerable (Wada and others, 1992; Crouvisier and others, 1992) , and B could therefore have been removed from solution in some cases.
As figure 3 shows, all the waters are enriched in B relative to Cl compared to seawater and precipitation. This enrichment is explained by the leaching of B from the rocks, as basaltic rocks have a much lower Cl/B ratio than seawater (Arnórsson and Andrésdóttir, 1995) . As Cl and, therefore, B concentrations in precipitation were variable within the catchment area, a scatter of the data points in figure 3 is to be expected, even if these elements are dissolved from the rock in a particular ratio. No clear difference was observed between the distribution of Cl and B in river, peat, or ground water, suggesting similar behavior of B in all types of water. The enrichment of B relative to Cl along the Cl/B ratio in basaltic rocks was taken to indicate two things: that B must be a mobile element if Cl is assumed to be mobile and that B and Cl are released from the rocks in near stoichiometric proportions. The latter conclusion is supported by the fact that both B and Cl form volatile compounds in basaltic magma (Sigvaldason and Ó skarsson, 1976; Arnórsson and Andrésdóttir, 1995) and may therefore be assumed to be largely concentrated in the glass that dissolves in close to stoichiometric proportions (Gíslason and Eugster, 1987a) As B seems to be highly mobile in all types of waters it is possible to retrieve from the concentrations of Cl and B in the water samples and from their ratios in rocks and precipitation the proportion of Cl derived from a marine source using the following relationship (Arnórsson and Andrésdóttir, 1995) 
where r stands for the Cl/B ratio, in the rock, and the subscript w and m indicate water sample and marine source, respectively. Having estimated the concentration of precipitation derived Cl (Cl m ) in a particular water sample, the concentrations of other major components from the rock and marine sources can be obtained from
and
where m i,m and m i,r are the concentration of the i-th element derived from the precipitation and leached from the rock, respectively, m i is the measured concentration in the water, and m i /Cl is the i-th ion to Cl sea water concentration ratio. From the above expression the sea water contribution of Cl in surface and ground water in the area was calculated as 86 to 100 percent of the total dissolved Cl.
Errors associated with the Cl and B analyses and variations in Cl/B molal rock ratios affect the calculation of Cl derived from seawater. The standard deviations of the difference of duplicate analysis in the present study of Cl and B were 1.9 and 7.8 percent, respectively, and the Cl/B molal rock ratio of tholeiites lies generally in the range of 20 to 80, with average and median values of 42 and 30, respectively (Arnórsson and Andrésdóttir, 1995) . Taking these errors into account, it was concluded that a rock-borne contribution of more than 10 percent for Cl is significant, whereas calculated values of less than 10 percent are not. In the latter cases all Cl was considered to be of marine source (table 5). The rock and sea water ratios are those of Arnórsson and Andrésdóttir (1995) and Riley and Chester (1971) , respectively. Circles represent river water, triangles ground water, and dots peat water. The error bars indicate analytical precision as given in table 1. Table 5 Precipitation-, rock-and atmospheric source (%) of dissolved solids a Percentage of solute originated from precipitation; b Percentage of solute originated from weathering of rocks; Table 5 (continued) c Percentage dissolved inorganic carbon (DIC) originating from precipitation (p), soil (s) and air (a).
The precipitation contributions to Na, K, and Mg (m i,m , eqs 2 and 3) were calculated from the marine ratios of these elements to Cl ((m i /Cl) m ) and the calculated Cl concentration of marine origin (Cl m , eq 1). The constant enrichment that was added to the marine Ca/Cl ratios, as proposed by Gíslason, Arnórsson, and Á rmannsson, (1996) , was used to estimate the precipitation contribution of Ca. However, similar S enrichment, as suggested by Gíslason, Arnórsson, and Á rmannsson (1996) was found to result in 100 to 150 percent higher values for the calculated concentration of S originating from precipitation than for the measured S. Therefore, the S concentration supplied by precipitation was calculated using the S/Cl marine ratio and Cl concentration of marine origin. The estimated concentrations of Na, K, Mg, Ca, and S supplied by precipitation were subtracted from their measured concentrations to obtain the values of these elements derived from rock weathering (m i,r , eq 3).
Assuming that the elemental Cl ratios are also representative of the marine contribution of Si, Al, Fe, and F, it follows that an insignificant fraction of these constituents is derived from seawater. Indeed, a recent study has shown that the elemental ratios of Al, Fe, and F with Cl in precipitation are much higher than equivalent sea water ratios, suggesting a dominant source of these elements in precipitation other than sea water spray (Egilsson and others, 1999) . It is also evident that the average Fe/Al molal ratio of precipitation and bulk rock in Iceland is remarkably similar, suggesting that Al and Fe in precipitation originated in rocks (Egilsson and others, 1999) . Therefore, it is concluded that negligible fractions of Si, Al, Fe, and F come from sea water and the origin of these dissolved elements in the water may be related solely to rock dissolution and/or dissolution of aerosol of basaltic rock composition.
It is difficult to assess the precipitation contribution of P and N to Icelandic rivers and cold ground water as there are no available data on the concentrations of P in precipitation in Iceland, and the atmospheric nitrate and ammonium levels are variable and non-marine. From the average N concentration of Icelandic precipitation (124 g/l) and the N/P ratio in unpolluted rain (Meybeck, 1982) , Gíslason, Arnórs-son, and Á rmannsson (1996) estimated the average P content in Icelandic precipitation as 1.5 g/l. These values were used in the present study.
The percentage of dissolved solids derived from precipitation and rock weathering is given in table 5. As can be seen from the table, the precipitation and rock contributions for B, Na, Mg, Ca, K, S, and PO 4 were variable. However, water nearest to the coast generally had a higher precipitation contribution than water farther inland, as would be expected.
A slight difference was observed between river and spring water on the one hand and peat water on the other. Peat water had a generally higher proportion of dissolved solids originated from the atmosphere and soil (avg 42 percent) than rivers (avg 31 percent) and spring water (avg 30 percent). This is related to higher total dissolved inorganic carbon (DIC) concentrations of the peat water compared to river and ground water as the result of decaying organic matter. However, spring water had a higher proportion of rock derived dissolved solids (ae 35 percent) than peat water (30 percent) and river water (30 percent).
In some cases the calculated precipitation contribution of Na (2 samples), K (6 samples), and PO 4 (1 sample) was greater than the measured concentration of the solute in the water sample. This too high precipitation contribution was, however, in most cases within the analytical errors of Na, K, PO 4 , and Cl, and within uncertainties in the solute/Cl marine ratios and estimating Cl originated in precipitation. However, this was not true in all cases for K, suggesting a possible sink for K. The relationships between rock-derived (m i,r eq 2) Ca, Mg, Si, K, Al, S, F, B, and PO 4 to Na are shown in figure 4. The ratios of rock-derived Si, K, Fe, P, Ca, Mg, and Al to Na were generally lower than the corresponding rock ratios. However, considerable scatter exists for Ca, Mg, K, and PO 4 to Na ratios. On the other hand, the ratios of S, F, and B to Na were higher than the corresponding rock ratios. Thus, S, F, and B are more mobile than Na, whereas the other elements are less mobile. The uncertainties in the calculated rock-derived concentrations contribute considerable to the scatter of the data points. These uncertainties are estimated to range from about 10 to 30 percent depending on the element. However, in view of the scatter of the data points such uncertainties will not change the general results of the relative mobility of different elements.
Sodium is contained in basaltic glass and in the crystalline rocks in plagioclase and interstitial glass. Boron, F, and S, on the other hand, behave as incompatible elements in magmatic processes (Sigvaldason and Ó skarsson, 1986; Torsander, 1989; Arnórsson and Andrésdóttir 1995) . Incompatible elements are contained in basaltic glass, but in the crystalline basalt they are concentrated in the interstitial glass. Both bulk and interstitial glass are the first to weather during water-rock interaction (Mayer and Sigurdsson, 1978; Wang and others, 1989; Gíslason, Arnórsson, and Á rmannsson, 1996) , and experimental studies have shown basaltic glass to dissolve 10 times faster than crystalline basalt and up to 100 times faster than pure albite at 25°C in water of neutral pH and far from equilibrium (Holdren and Berner, 1979; Chou and Wollast, 1984; Knauss and Wolery, 1986; Gíslason and Eugster, 1987a) .
If dissolution alone controls the relative mobility of Na, B, F, and S, the mobility of Na should be less than the others because Na is largely contained in plagioclase in the crystalline basalt, and furthermore, the differences in mobility should diminish with increased proportions of glassy basalt in the catchment areas.
The water samples were supersaturated with respect to low-albite; therefore Na could be removed from solution by secondary albite precipitation. In a basaltic environment under weathering conditions Na may also be removed from solution by formation of Na bearing smectites. As the Mg, Ca, and K smectite endmembers are more soluble than Na smectite, their formation is energetically easier. Therefore, if there is an excess of Ca, Mg, and/or K, these constituents will be used up by the smectite rather than Na. Crovisier and others (1992) studied the weathering of basaltic glass from Iceland and found that the weathering product contained little Na and K. However, it contained both Mg and Ca. Moulton, West, and Berner (2000) , on the other hand, found significant higher concentrations of Na in the finest fraction of the bulk soils in their study at Skorradalur, Iceland. However, the presence of both trace levels of primary minerals and sea salts can not be ruled out in their samples, that will influence the concentrations of elements like Na in the bulk soil analysis. The latter, the presence of sea salts, is not unlikely due to significant concentrations of Cl in the soils. According to the work of Wada and others (1992) layer silicate minerals occur in small proportions of the clay-size fraction of the soils. Therefore, on the basis of their results we concluded that the lower mobility of Na compared to S, F, and B observed in the present study is due to differences in the dissolution rates of the primary phases containing these elements, namely Na-rich plagioclases and basaltic glass, rather than removal of Na out of solution by precipitation of Na-bearing secondary minerals.
Silica concentrations in the water samples were almost uniform regardless of the Na concentration, suggesting that the processes controlling Si are not affected by weathering intensity, rock composition, or water characteristics such as pH. Weathering-derived Ca showed similar trends, but the concentrations were more variable. On the other hand there were only weak or no correlations observed between the concentrations of rock-derived Mg and K and those of Na. Compared to Na, Fe and Al were almost totally retained in the weathering product. This result is in agreement with a number of studies which concluded that Fe, Al, and Ti are the least mobile elements during the weathering of basalts (Nesbitt and Wilson, 1992; Taylor and others, 1992; Crovisier and others, 1992; Gíslason, Arnórsson, and Á rmannsson, 1996) . However, Fe was observed to be more mobile in peat environments, where only around 85 percent of the Fe dissolved from the rocks is reprecipitated, assuming Na to be totally mobile and stoichiometric dissolution of the bulk primary rocks.
weathering and solution chemistry
Characteristics of the weathering product.-In recent years knowledge about the secondary minerals of basaltic rocks in Iceland and the clay mineralogy of andisols has accumulated. The phases identified associated with weathering of basaltic rocks and weathering products of soils in Iceland are summarized in table 6. Wada and others (1992) studied the clay mineralogy of four soil horizons in Iceland, one situated on the southern margin of our study area (Arnalds, 1990; Arnalds, Hallmark, and Wilding, 1995) . These authors identified three phases as the dominant ones for the clay size fraction of the soils (Ͼ700 g/kg of the clay-size fraction): allophane and/or imogolite and poorly crystalline ferrihydrite. These Fig. 4 (continued) minerals are all amorphous and will therefore not be identified by XRD examination of secondary minerals in soils. Layer silicate minerals and laminar opaline silicas were not identified or occurred in only small quantities.
According to Douglas (1987) manganese-rich coatings are common on the surface of weathered basalts. He also identified poorly crystallized iron oxides and hydroxides, smectites, amorphous Al-Si minerals, and perhaps illite or kaolinite in some cases.
Crovisier and others (1992) studied the mineralogy and geochemistry of the weathering product of natural samples of basaltic glass from Iceland. They identified two types of weathering material: Si-, Ca-, Mg-rich particles with smectite structure and amorphous Fe-, Ti-, and Al-rich material. On the basis of equilibrium calculations between clay mineral solid solutions and aqueous solutions, Crovisier and others (1992) concluded that these two phases were formed at equilibrium in the same aqueous solution at the same time. Further, Crovisier and others (1992) studied the effect of time on the weathering of basaltic glass in Iceland. They observed that the youngest sample contained only amorphous secondary phases. With increasing age crystalline weathering phases become more abundant, namely Ca-, Mg-, Fe-smectites, and in the most evolved samples zeolites like chabazite and erionite were identified.
Mineral saturation state.-By looking at the saturation state of cold water samples with respect to specific minerals it may be determined whether they tend to precipitate or dissolve. In the case of igneous minerals, the saturation state determines whether a particular mineral dissolves or not. It has been demonstrated that most of the igneous minerals in basaltic rocks are undersaturated in natural non-thermal waters in Iceland (Gíslason and Arnórsson, 1990, 1993; Stefánsson, Gíslason, and Arnórsson, 2000) . Therefore, it may be concluded that they tend to dissolve. However, no attempt has been made to look at the saturation state of cold water in Iceland with respect to the most common secondary minerals found in the soils and associated with the weathering of basaltic rocks and basaltic glass, for example, poorly crystalline ferrihydroxiede and Si-Al minerals such as allophane and imogolite, Ca-, Mg-, and Fe-rich smectites, Ca-rich zeolites, and calcite. This is partly due to poor or no thermodynamic data on these minerals and partly because only recently has the importance of these minerals been recognized. Table 6 The weathering product of basaltic rocks and soils in Iceland a Not common and/or found in small quantities. b Usually not identified as imogoloite/allophane but as unknown amorphouse sponge like balls.
The solubility curves for macrocrystalline goethite (␣FeOOH) and amorphous goethite (amorphous FeOOH) are shown in figure 5 . Also shown are the sums of the calculated activities of Fe(III) hydroxy complexes and free Fe 3ϩ in the water samples. The low pH samples are not presented in the figure as all the Fe in these samples was assumed to be divalent (Fe(II)). It can be seen that water samples with a pH around neutrality and a pH greater than 8 were slightly supersaturated and saturated, respectively, with respect to amorphous goethite. However, they were supersaturated in all cases with respect to macrocrystalline goethite.
Much higher concentrations of total Fe were found in low pH water than in the neutral and high pH samples. The low pH samples were in all cases found in a peat environment characterized by anoxic conditions. Under these redox and pH conditions all Fe is assumed to be divalent (Fe(II)), predominantly Fe 2ϩ (Stefánsson, Gíslason, and Arnórsson, 2001 ). When such water comes in contact with the atmosphere, it rapidly equilibrates with atmospheric oxygen and carbon dioxide, and the pH increases. As a result, dissolved Fe(II) oxidizes to Fe(III). Iron(III) is insoluble and precipitates out of solution forming Fe(III) hydroxides. In surface waters, the solubility of Fe(III) hydroxides controls the aqueous concentrations of total Fe. This is demonstrated in figure 6 . The data points in the figure are the calculated redox potentials for samples of surface waters in Iceland according to the reaction Fe 2ϩ ϭ Fe 3ϩ ϩ e Ϫ based on measured aqueous total Fe(II) and Fe(III) concentrations. The data were taken from Stefánsson, Gíslason, and Arnórsson (2001) and the data file of the Geochemistry Group, Science Institute, University of Iceland. Also shown in figure 6 are the calculated Eh-pH stability fields for the system Fe ϩ H 2 O. As observed the calculated aqueous Fe 3ϩ /Fe 2ϩ activity ratio based on measured dissolved Fe(II) and Fe(III) are Fig. 5 . The saturation state of water samples with respect to macrocrystalline and amorphous goethite. The solubility curves were calculated at 10°C using the data in table A2. Circles represent rivers, and triangles ground water. The error bars were calculated from the uncertainties of the Fe 2ϩ /Fe 3ϩ activity ratios (Stefánsson, Gíslason, and Arnórsson, 2001 ) and the analytical errors for Fe total (table 1). identical to those predicted by the reaction Fe 2ϩ ϩ 3H 2 O ϭ Fe(OH) 3 (s) ϩ 3H ϩ ϩ e Ϫ . That the concentrations of dissolved Fe(II) and Fe(III) can be approximated in surface waters by equilibrium calculations without introducing kinetics into the modeling is not surprising. Most of these waters have a pH around 6 and higher. Under these conditions, the oxidation of Fe(II) to Fe(III) and the precipitation of Fe(III) hydroxides are rapid (Stumm and Morgan, 1992) .
The saturation states of the waters with respect to some secondary minerals in the system Al 2 O 3 -SiO 2 -H 2 O are shown in figure 7. All the river (circles) and peat water samples (dots) and most ground water samples (triangles) were close to saturation with respect to amorphous alumium hydroxide and Al-rich allophane. Three ground water samples, which were taken from water draining from rhyolitic bedrock, were closer to gibbsite, imogolite, and Al-poor allophane solubility. All the water samples were supersaturated with respect to quartz but undersaturated with respect to moganite and amorphous silica. In essence: with the exception of the three ground water samples from the rhyolitic rocks, all the water samples were supersaturated with respect to quartz, gibbsite of variable crystallinity, imogolite and allophane of various compositions. Therefore, these phases have the potential to precipitate from solution.
It is therefore possible that a simultaneous equilibrium between gibbsite of varying crystallinity and imogolite and/or allophane of variable composition controls the aqueous Al concentration and influence, the aqueous Si concentration. Alternatively, these concentrations could be the result of a steady state between the rock dissolution, both glassy and crystalline and the precipitation of the supersaturated phases, namely quartz-moganite mixtures, gibbsite of variable crystallinity, imogolite, and allophane of various composition.
Smectities and even zeolites have been identified as secondary mineral products associated with weathering of basaltic rocks and basaltic glass (Crovisier and others, 1992) . The exact composition of the minerals has been related to age and extent of alteration (Crovisier and others, 1992) . Therefore, the influence of smectite or zeolite formation on the aqueous composition and mobility of elements is variable depending on the extent of alteration. Therefore, testing to see which smectites are in equilibrium with a given water sample is not easy as the composition of smectites can vary significantly. As discussed in the next section, this problem was tackled by letting the composition of smectite minerals vary as a function of reaction progress (degree of alteration) and water composition. Fig. 7 . The saturation state of the water samples with respect to some weathering minerals in the system Al 2 O 3 -SiO 2 -H 2 O. The solubility curves were calculated at 10°C using the data given in table A2. Circles represent river water, triangles ground water, and dots peat water. The analytical uncertainties (table 1) were found to be less than the size of the symbols in all cases.
According to Crovisier and others (1992) the average molal composition of smectites associated with altered basaltic glass in Iceland of similar age as the rocks in this study area were Mg 0.8: Ca 0.8: Fe 1.9: Al 2.3: Si 6.5. On the other hand, the weathering products were poor in both K and Na. Assuming stoichiometric dissolution of primary rocks and that all Al is used to form smectite, 50 percent of Si, 40 percent of Mg, 30 percent of Ca, and 80 percent of Fe will be consumed. It is therefore clear that the formation of clay minerals may influence the chemistry of certain elements like Al, Si, Fe, Mg, and Ca.
It has been observed that the concentrations of dissolved major elements in natural waters are influenced by other processes than secondary mineral formation. Berner and others (1998) observed good corrilation between Na and K on one hand and Ca and Mg on the other in three experimental ecosystems ("sandbox") at Hubbard Brook, New Hampshire and concluded that this was due to ion exchange between soil water and clay minerals and soil organic matter. In the present study, poor correlation was observed between the dissolved concentrations of Mg and Ca and K and Na. Moreover, no correlation was observed between singly and doubly charged cations. This suggests that cation exchange processes do not play a significant role in regulating the dissolved concentrations of these elements in our study area.
Reaction path modelling and elemental mobility.-To study the reactions between primary minerals, secondary minerals, and solution chemistry we have simulated the reaction path of meteoric water with basaltic glass. Such calculations can be compared with the crystallization sequence of secondary minerals and the subsequent solution composition. The reason for using basaltic glass as the primary phase rather than crystalline basalt was to minimize problems related to the dissolution kinetics of primary minerals. However, it should be kept in mind that the primary rocks in the study area are made up of both glassy and crystalline phases.
The dissolution of basaltic glass and the subsequent formation of secondary minerals were simulated with the aid of the computer program Geochemist's Workbench with some modifications. The calculation procedure and the thermodynamic database used are discussed in app. A and B.
In the calculations, the basaltic glass was simulated as a mixture of oxides, and the composition of the glass was taken as the average composition of the bulk rocks in the study area (table 4) . No assumptions were made on the structure and stability of the basaltic glass. The starting composition of the fluid was that of the average precipitation in Írafell, Iceland (Egilsson and other, 1999) . The dissolution of the glass was assumed to be stoichiometric following precipitation of secondary phases. The calculations were performed at 25°C. The starting solution was in equilibrium with atmospheric CO 2 but then sealed off from the atmosphere. With increasing reaction progress and subsequent pH increase, the P CO 2 decreased. This result is in accordance with the observations of Gíslason and Eugster (1987b) and Gíslason, Arnórsson, and Á rmannson (1996) that spring waters with a pH greater than 9 have considerable lower P CO 2 than atmospheric pressure. The initial solution was assumed to be relatively oxidized with an Eh value of 100 mV. This value is close to the average value for Eh calculated from Fe 3ϩ and Fe 2ϩ activity ratios. The crystallization sequence of the secondary minerals is shown in figure 8A . Simple Fe and Al hydroxides were the first to reach equilibrium and precipitate. With increasing reaction progress, first allophane, then imogolite, smectite, zeolites, and last calcite become stable. The clay minerals formed are predominantly Ca, Mg, and Fe(III) smectites. The zeolites are almost pure Ca zeolites.
The reaction path simulated by the model is similar to that observed in laboratory experiments and in natural samples during basaltic glass dissolution at low temperature, that is, first Fe and Al hydroxides, then kaolinite, allophane, imogolite, and/or halloysite (figs. 5 and 7 in this study), Ca-Mg-Fe-smectite, Ca-zeolites, and last calcite (Singer, 1974; Sieffermann and Millot, 1969; Wielemaker and Wakatsuki, 1984; Van Der Gaast, Mizota and Jantzen, 1986; Crovisier and others, 1992) . In the present study, imogolite and allophane were considered in the calculations as the Si-Al mineral to form at low reaction progress rather than kaolinite. This decision was based on the observations that allophane and imogolite are common secondary minerals in Icelan- Fig. 8 . The results of the reaction progress calculations. In these calculations basaltic glass of the same composition as the average bulk rock of the study area (table 4) was titrated into an aqueous solution with an initial composition of average meteoric water in Iceland (Egilson and others, 1999) . In diagram (A) the stability fields of various minerals precipitated out are given as a function of reaction progress. In diagram (B) the mobility of major solutes are defined as the ratio of m i in fluid to m i,total dissolved from the basaltic glass. The pH of the modeled solution is given at the top of the diagram. The shaded part of the figure represents the pH range of the natural water samples used in this study. dic soils (Wada and others, 1992) , imogolite and allophane seem to be the first silicates to form during experimental alteration of basaltic glass (Crovisier and others, 1989) , and the natural waters of this study are close to or slightly supersaturated with respect to these phases.
The mobility of the solutes during basaltic glass dissolution is demonstrated in figure 8B . As indicated, both Fe(total) and Al are found to be lost quantitatively from the solution into secondary minerals at very low reaction progress. With increasing reaction progress, a considerable amount of Si, Ca, Mg, and K is lost. Sodium, however, is found to be mobile except at very high reaction progress. Most of the waters have a pH value between 6 and 10. Under these conditions, the solute mobility is highly variable for Si, Mg, K, and Ca, depending on the reaction progress. It is therefore clear that the exact solute composition and the secondary phases formed are highly dependent on pH and reaction progress The solute mobility (m i (percent mobility)) for the natural water samples was calculated assuming stoichiometric dissolution of primary rocks and that Na was mobile, using the expression m i ͑%mobility͒ ϭ m i,r ͑m i /Na͒ rock ϫ m Na,r ϫ 100 (4) where m i,r is the calculated solution concentration of the i-th element derived from rock weathering, (m i /Na) rock is the i-th element to Na molal rock ratio, and m Na,r is the dissolved Na concentration in the water derived from rock weathering. The calculated elemental mobility for the natural samples (open boxes) and the one predicted from the reaction path modeling (filled boxes) are compared in figure 9 . As indicated, there is a general good agreement between the two. However, a large scatter is observed for Mg, K, Si, and Ca natural mobility, ranging from almost complete loss of the elements from solution into secondary minerals to complete mobility. According to the median values for the elements, about 30 percent of Si, 50 percent of Mg and K, and 70 percent of Ca are retained in solution, assuming Na to be 100 percent mobile
The results of the reaction path calculations show that interaction between primary phases, secondary minerals, and solution chemistry is reasonably well predicted using a simple reaction path model. This is true both for the solution composition and crystallization sequence of the weathering products.
chemical denudation rates
From knowledge of the rock-derived fraction of the dissolved constituents in the water (tables 3 and 5), the discharge of the rivers and the size of each catchment area (table 4), the chemical denudation rates for each constituent and for the total dissolved solids were calculated according to m i,r,flux ϭ m i,r ϫ Q A (5) where m i,r is the rock derived elemental concentration (eq 3), Q is the discharge, and A is the surface area of the catchment area. The results are given in table 7 as well as the runoff and calculated CO 2 consumption.
Various authors have observed a linear dependence of chemical denudation rates with runoff (Stallard and Edmond, 1983, 1987; Stallard, 1985; White and Blum, 1995; Gíslason, Arnórsson, and Á rmannsson, 1996) . This is not surprising as solute fluxes depend on the water discharge. We observed the same trend between total chemical denudation rates (TCDR) and runoff ( fig. 10) . However, as indicated in figure 10, this was not the case for all the solute fluxes, suggesting that other factors than runoff influence the fluxes of the elements. Gíslason, Arnórsson, and Á rmannsson (1996) demonstrated that solute fluxes in rivers in Southwest Iceland were dependent on rock age. Also, it has been suggested that climate may play an important role in regulating chemical denudation rates (Bluth and Kump, 1994) . The study area was carefully selected to minimize the influence of rock age (table 2) and temperature. On the other hand, the distribution of basaltic glass and vegetative cover was variable (table 2) , and the runoff at the time of sampling ranged from 48 to 699 cm/yr.
The relationship between percentage vegetative cover and hyaloclastite in the study area is shown in figure 11 . As observed, most of the catchment areas have similar vegetative cover between 16 and 33 percent but a variable percentage of hyaloclastite. These catchment areas are therefore ideal for studying the influence of hyaloclastite and runoff on the solute fluxes with fixed vegetative cover. However, only two catchment areas, Thverlaekur and Mjóavatnslaekur, had higher vegetative cover than the others. Also, the bedrock in these two catchment areas is almost completely crystalline. Therefore, the influence of vegetative cover on solute fluxes cannot be quantitatively determined from the data set of the present study. However, some insight can be gained into the effect of vegetative cover on water chemistry and solute fluxes.
To study the possible effect of basaltic glass and runoff of solute fluxes we assumed that they could be described by a linear equation of the form m i,r,flux ϵ ␣ i ϫ runoff ͑cm/yr͒ ϩ ␤ i ϫ basaltic glass ͑%͒
where m i,r,flux is the total rock-derived flux, and ␣ i and ␤ i , are proportional coefficients of the i-th element. These coefficients may have positive and negative signs. A positive sign would indicate an increasing solute flux with increasing hyaloclastite and/or runoff. A negative sign, however, would suggest a possible sink. The results of the regression are given in table 8. For these regressions, the data set of the rivers draining catchment areas of similar vegetative cover (16-33 percent) but a variable percentage of hyaloclastite were used, and the two catchment areas, Thverlaekur and Mjóavatnslaekur, were excluded from the calculations. The solute fluxes were both fitted using runoff alone as a parameter and runoff and percentage of hyaloclastite.
The Si fluxes in the study area can be related only to runoff and are not closely related to rock crystallinity. There was, however, a slight increase in Si fluxes with the percentage of hyaloclastite for rivers discharging catchment areas with constant vegetative cover. This increase corresponds to a factor of 1.5 at a runoff of 200 cm/yr between catchment areas with the bedrock made completely of hyaloclastite on the one hand and crystalline basalt on the other. Such an increase is minor compared to the scatter of the data points.
The Ca, S, and F fluxes all showed a very similar dependence on runoff and rock crystallinity, whereas the Si fluxes were slightly less dependent on rock crystallinity. The increase corresponds to a factor of about 2 at a runoff of 200 cm/yr between catchment areas with the bedrock completely of hyaloclastite on the one hand and crystalline basalt on the other. Sodium fluxes were found to be very dependent on rock crystallinity. This increase corresponds to a factor of about 6 at a runoff of 200 cm/yr between catchment areas with the bedrock completely of hyaloclastite on the one hand and crystalline basalt on the other. Boron fluxes, however, were observed to be almost independent of rock crystallinity.
The Si, B, S, F,and Ca fluxes were all found to be mostly dependent on runoff to the same degree. Moreover, these solute fluxes were almost as well described by runoff alone, further emphasizing the predominance of runoff on the solute fluxes. On the other hand, Na fluxes were found to be less dependent on runoff.
The dependence of Si, B, S, F, Ca, and Na fluxes on rock crystallinity can be related to the elemental mobilities under both weathering and magmatic conditions. Basaltic glass dissolves up to 6 times faster than crystalline basalt (Gíslason and Eugster, 1987a) . The elemental fluxes are thought to increase with increasing content of basaltic glass in the rocks. However, this process may be influenced by consumption of the elements by secondary minerals. On the basis of this, the effect of crystallinity is thought to be greater for those elements that are mobile than for those that are less mobile.
Assuming Na to be a completely mobile element and congruent dissolution of primary rocks, about 30 percent on average of dissolved Si is retained in solution, and 70 percent lost into secondary minerals. The relative mobility of Ca is greater than for Si. Again, assuming Na to be completely mobile, about 70 percent of Ca on average is retained in solution, and about 30 percent consumed by secondary minerals. Indeed, the Ca fluxes are slightly more dependent on the amount of basaltic glass than are Si fluxes.
Sodium is thought to be mobile in all types of water within the study area as the weathering progress has not reached the zeolite stage, that is, a very low water-rock ratio. Therefore, increasing weathering leads to higher Na concentrations. As seen in figure 12 , the Na fluxes are positively related to the amount of hyaloclastite, by a factor of 6 at a runoff of 200 cm/yr. This finding suggests that hyaloclastites, made primarily of basaltic glass dissolve faster than fully crystalline rocks under natural conditions, a supposition in agreement with experimental results (Gíslason and Eugster, 1987a) . However, the apparent greater dependence of Na fluxes on rock crystallinity and less dependence on runoff compared to other relatively mobile elements is not clear. Possible explanations are that the primary rocks do not release primary cations like Na and Ca in close to stoichiometric proportions. Also, as indicated by the reaction progress modeling, Na is thought to be mobile up to a much high reaction progress, under intensive weathering of basaltic rocks, whereas Ca is thought to be consumed proportionally by smectites as the reaction progress (table 1 and  table 7). proceeds. Indeed, this pattern was observed when studying the weathering of natural basaltic glass in Iceland (Crovisier and others, 1992) . For relatively unaltered basaltic glass, the primary secondary phases identified were poorly crystalline Al and Fe hydroxides. In more altered basaltic glass Ca, Mg, and Fe phases with Fig. 10 (continued) 543 Effect of rock crystallinity and secondary minerals on chemical fluxes to the ocean smectite-like morphology were common. However, the secondary phases never contained Na in more than trace amounts.
Boron, S, and F are all thought to be mobile elements under weathering conditions. Therefore, one would expect their fluxes to increase with runoff and percentage of hyaloclastite in the catchment, as is true of other mobile elements like Na. As indicated in table 8, a slight dependence is observed for S and F fluxes with the percentage of hyaloclastite similar to Ca fluxes. However, no such effects were observed for B fluxes. The possible explanation for this is that B, F, and S are all incompatible elements under magmatic processes and are therefore concentrated in basaltic glass and in the interstitial glass of crystalline basalt (Sigvaldason and Ó skarsson, 1986; Torsander, 1989; Arnórsson and Andrésdóttir, 1995) . For such elements the leaching rates are likely to be relatively similar for hyaloclastite and crystalline basalt.
As indicated in figure 10, Al fluxes increase linearly with runoff with one exception. This can be related to Al mobility, which is controlled by the formation of secondary minerals. The pH of the rivers in Laxá in Kjós catchment area lie in a narrow range, between 7.2 and 7.5. Under these conditions, the pH dependence of secondary mineral solubilities controlling Al mobility is negligible, resulting in similar aqueous concentrations of Al. This in turns lead to a predominant dependence of Al fluxes on runoff.
Iron fluxes do not depend strongly on either runoff or rock crystallinity. As discussed above, the aqueous concentrations of Fe are controlled by the oxidation of Fe(II) to Fe(III) following precipitation of amorphous and poorly crystalline iron oxyhydroxides and hydroxides, and the processes affecting the redox state and the pH of the waters are thought to play a key role in controlling the aqueous concentrations and fluxes of Fe. The peat environments in the study area had generally higher Fe concentrations as a result of enhanced Fe mobility due to the low oxidation state than did rivers draining barren areas. As a result, rivers draining peats and catchment areas characterized by thick soil cover had higher Fe fluxes than rivers draining barren areas. As seen in figures 10 and 12, these processes are more influencial on Fe fluxes than runoff and rock crystallinity.
As seen in table 8, a reasonable good correlation coefficient is obtained when considering runoff and glass content in the regression of Mg and K fluxes. This is considered to be an artifact due to too little spread of the data points with variable glass content of the rocks. As seen in figure 12, Mg and K fluxes were independent of the proportion of basaltic glass. However, despite the large scatter of the data points it is difficult to explain the K and Mg fluxes by runoff alone. However, K and Mg fluxes correlate well, suggesting that similar processes control the aqueous chemistry and fluxes of these elements. Moulton and Berner (1998) Regression and correlation coefficients describing solute fluxes, consistent with eq 6 and Moulton, West, and Berner (2000) showed that Mg fluxes depend on the vegetative cover in the small area of Skorradalur, Iceland, 50 km northeast of our study area. They found that the Mg fluxes for vegetated areas was 4 times higher than from barren areas. A similar number of 100 to 150 was reported by Moulton and Berner (1998) for K fluxes but not reported in Moulton, West, and Berner (2000) . It is therefore possible that the K and Mg fluxes were influenced by vegetative cover in our study area, especially K fluxes. Despite two data points, the K Fig. 12 (continued) and Mg fluxes increased with increasing runoff. The two data points were rivers draining the catchment areas with greater vegetative cover, 60 and 75 percent, than in other catchment areas of the study area. Both these samples were taken in April 1997, during the snow melt season. However, samples taken at these locations in August 1996 and February 1997 indicated much lower K and Mg fluxes. It is therefore possible, that K and Mg fluxes are related to seasonal variations and vegetative cover.
As for K and Mg fluxes, P fluxes do not depend on rock crystallinity. Moreover, they cannot be explained by runoff alone. Gíslason, Arnórsson, and Á rmannsson (1996) demonstrated that the aqueous concentrations of nutrients like NO 3 and PO 4 vary seasonally with the activity of the biomass. They are observed to be at a minimum during late summer and reach a maximum in mid-winter when the photosynthesis is at a minimum and respiration and decay of the biomass dominates. However, our limited data set does not allow for such a demonstration.
The total chemical denudation rate is the sum of individual elemental fluxes, and their dependence on runoff, vegetative cover, and hyaloclastites should be linked to solute flux behavior in the appropriate proportions. Silica fluxes contribute the most to the TCDR or 50 percent on average. As discussed previously, the Si fluxes were almost solely dependent on runoff. Sodium and Ca fluxes made up 33 percent of the TCDR on average. Both these elemental fluxes increased with increasing hyaloclastite at constant vegetative cover and runoff, causing the TCDR to increase also. Magnesium and K fluxes contributed 17 percent on average to the TCDR. These elemental fluxes might have caused the TCDR to increase with increasing vegetative cover. In general, runoff was the most important factor governing both individual solute fluxes and the TCDR. Also, as indicated in table 8, the TCDR might have been slightly dependent on the percentage of hyaloclastite; an increase from 0 to 100 percent of hyaloclastite resulted in an increase of a factor 2 at a fixed 200 cm/yr runoff.
summary and conclusions
Dissolved Si, Fe, and Al in the waters are derived only from the weathering of rocks. On the other hand, some of the Na, Mg, K, Mg, Ca, and S concentrations originated in precipitation. The precipitation contribution of these elements was estimated from their marine-chlorine ratios.
Boron and Cl are mobile elements in the basaltic environment (Arnórsson and Andrésdóttir, 1995) , and as these are concentrated in the basaltic glass it was assumed that they are released into solution in near stoichiometric proportions during weathering. On the basis of this assumption and known B/Cl marine and rock ratios the fraction of Cl in the water derived from rock dissolution and from precipitation was estimated from the Cl and B contents of the waters.
Fluorine, S, and B were found to be highly mobile in all types of waters. Sodium was also considered to be mobile. The apparent lower mobility of Na compared to that of S, F, and B was considered to be due to nonstoichiometric dissolution of basaltic rocks, the glass being the first to weather during water rock interaction (Mayer and Sigurdsson, 1978; Wang and others, 1989; Gíslason, Arnórsson, and Á rmannsson, 1996 . Sulphur, F, and B are all incompatible elements under magmatic processes and are therefore concentrated in basaltic glass and in the interstitial glass of crystalline basalt (Sigvaldason and Ó skarsson, 1986; Torsander, 1989; Arnórsson and Andrésdót-tir, 1995) . For such elements the leaching rates are likely to be greater than for elements that are also contained in the crystalline part of the rocks, like Na. Calcium was also found to be relatively mobile compared to Na, with a median value of 70 percent. Silica showed a much lower mobility than Na, with a median value of 30 percent of total Si leached from the primary rocks retained in the waters and 70 percent consumed by secondary minerals like imogolite, allophane, and smectite. The mobility of both Mg and K was found to be very variable but generally lower than Na. Aluminium and Fe were almost completely retained in the rocks compared to Na. Also, the concentrations of these elements in most water samples lay within a narrow range. This was considered to be primarily due to consumption of these elements by secondary phases; ferrihydroxides, allophone, and/or imogolite, in good agreement with these phases being the dominant secondary minerals in the study area (Wada and others, 1992) . Poorly crystalline gibbsite could also influence the Al concentrations.
The total chemical denudation rates were estimated based on runoff and the calculated contribution of net rock dissolution to the water chemistry. The results were 217 to 1884 mol ⅐ 10 3 /km 2 /yr, and atmospheric CO 2 consumption due to weathering was 141 to 1764 mol ⅐ 10 3 /km 2 /yr. The total chemical denudation rate and solute fluxes increased with increasing runoff. This was to be expected as the concentrations of the most abundant elements, Si and Ca, were relatively similar in all the waters.
The effect of runoff and rock crystallinity on elemental fluxes was quantified. Runoff was found to be the dominant factor governing most elemental fluxes. Silica, Ca, F, S, Al, K, Mg, and B had a very similar dependence on runoff. On the other hand, Na fluxes were found to be less dependent on runoff, and Fe fluxes were found to be independent of runoff. Basaltic glass dissolves faster than fully crystallized basaltic rocks (Gíslason and Eugster, 1987a) . Therefore, the increased glass content of the primary rocks is thought to increase the leaching and elemental fluxes at constant runoff. However, as some of the solutes like Al and Fe were highly influenced or even controlled by the formation of secondary phases, this increasing dissolution with increasing content of basaltic glass was hidden. On the other hand, basaltic glass was observed to enhance the fluxes of more mobile elements like Na, Ca, F, and S by a factor of 2 to 6 at a constant runoff of 200 cm/yr constant vegetative cover and 0 to 100 percent glass cover. Silicon fluxes also increased with increasing glass content of the primary rocks by a factor of 1.5. The K and Mg fluxes were found to be independent of rock crystallinity. However, runoff alone can not explain the fluxes of these elements, and it seems that vegetative cover and seasonal variations in biomass activities may influence the K and Mg fluxes. Su and Harsh (1998) measured the solubility of allophane of different compositions in the presence of boehmite at 100°to 150°C and saturated water vapor pressure. In the present study, the thermodynamic properties of allophane at 25°C and its solubility from 0°to 40°C were estimated from the experimental results of Su and Harsh (1998) . Their results were extrapolated to ambient temperature, assuming isocolombic conditions. Combined with the thermodynamic properties of boehmite, H 4 SiO°4, and H 2 O (Cox and others, 1989; Hemingway, Robie, and Apps, 1991; Su and Harsh, 1996; Arnórsson and Andrésdóttir, 1999; Gunnarsson and Arnórsson, 2000) the Gibbs free energy, enthalpy and entropy of allophane of variable composition (table A1) and their corresponding solubilities at 0°to 40°C were estimated (table A2) .
Mineral solubility
The Gibbs free energy of boehmite used here (Su and Harsh, 1994, 1996) of Ϫ914.99 J/mol is a little higher than that of Hemingway, Robie, and Apps (1991) of Ϫ918.4 kJ/mol obtained from calorimetric experiments. However, the data of Su and Harsh (1994) for boehmite solubility were obtained under experimental conditions similar to the solubility measurements of allophane and are therefore considered to be consistent with the allophane solubility experiments even though they can be considered to be in error. It should be noted, however, that choosing the Gibbs free energy value of boehmite from Su and Harsh (1996) rather than from Hemingway, Robie, and Apps (1991) resulted in a calculated difference of 6820 J/mol for the Gibbs free energy of allophane at room temperature.
Extraction of the thermodynamic properties for allophane from the experimental data of Su and Harsh (1998) involved four assumptions: (1) each composition of allophane represents a stable thermodynamic phase rather than a mixture between two endmembers; (2) extrapolation to infinity was valid to obtain the "true" solubility, as the authors claimed that equilibrium was not reached during the experiments; (3) extrapolation to lower temperature is valid assuming isocolombic conditions; and (4) the activity of aqueous Al is controlled by boehmite solubility. It is clear, however, that all these assumptions were not always met. For example, from the concentrations of aqueous aluminum in the experiments it can be seen that equilibrium with boehmite was not always attained, and therefore aqueous aluminum was not controlled by this equilibrium in all cases. This of course incorporates additional uncertainties for the thermodynamic properties of allophane.
Some discrepancies exist for the thermodynamic properties of imogolite (Farmer, Smith, and Tait, 1979; Farmer and Fraser, 1982; Su and Harsh, 1994, 1996) . Su and Harsh (1994, 1996) measured the solubility of both natural and synthetic imogolite in the presence of boehmite from 25°to 150°C. From their data, assuming isocolombic conditions, the thermodynamic properties of imogolite were extracted, using the thermodynamic properties of boehmite obtained in their studies and aqueous H 4 SiO°4 from Gunnarsson and Arnórsson (2000) (table A1). The solubility constants for imogolite were then calculated from 0°to 40°C in a similar manner as for allophane (table A2) .
The thermodynamic properties of macrocrystalline goethite were taken from Diakonov and others (1994) who measured the heat of solution of goethite from 25°to 273°C and, combining these with earlier results of King and Waller (1970) , extracted the ⌬G°f, ⌬H°f, S°, and C°p for goethite up to 273°C. Diakonov and others (1999) measured the solubility of hematite in alkaline solution from 25°to 300°C at saturated water vapor pressure. Together with the thermodynamic properties of hematite given by Hemingway and others (1991) , Diakonov and others (1999) calculated the thermodynamic properties of the aqueous Fe(OH) 4 Ϫ species. Using these results combined with the thermodynamic properties of OH Ϫ (Arnórsson and Andrésdóttir, 1999) , the solubility of goethite was calculated from 0°to 40°C (table A2) .
Many authors have published data on the solubility of amorphous Fe(OH) 3 (see Diakonov, 1995 , and references therein). Based on literature data, Diakonov (1995) extracted a solubility constant for the reaction Su and Harsh (1994, 1996) Robie, Hemingway and Fisher (1979) ; m Gíslason and others (1997) . (Arnórsson and Andrésdóttir, 1999; Diakonov and others, 1999 ) the solubility of amorphous FeOOH at 0°to 40°C was calculated (table A2) .
The solubility of gibbsite was calculated from the thermodynamic data of gibbsite at 25°C by Hemingway and Robie (1997) and Hemingway and others (1977) and for aqueous Al(OH) 4 Ϫ and OH Ϫ given by Arnórsson and Andrésdóttir (1999) . The temperature dependence of the solubility constant was then calculated, assuming isocolombic conditions for the reaction Al͑OH͒ 3,͑s͒ ϩ OH Ϫ ϭ Al͑OH͒ 4
The solubility of amorphous Al(OH) 3 was calculated in the same manner, using the thermodynamic data of amorphous Al(OH) 3 from Naumov, Ryshenko, and Khodakovsky (1971) . The solubility of quartz and of amorphous silica were taken from Gunnarsson and Arnórsson (2000) . The thermodynamic properties of moganite and its solubility in water were taken from Gíslason and others (1997) (table A2) .
Appendix B

Reaction path calculations
The reaction path calculations were done with the aid of the Geochemist's Workbench computer program. The system was taken as closed, that is, the solid, basaltic glass was titrated into a solution that could not be renewed. The program adds basaltic glass in a number of steps and calculates the distribution and activities of aqueous species and the saturation state of minerals that can be expected to form after each step.
For the present study the equilibrium constants for aqueous species in the Geochemist's Workbench program were used, but the thermodynamic database for minerals was modified. The minerals and their solubility constants listed in table A1 and A2 were included. Further, an ideal solid solution model was used to study the formation of clay minerals of variable composition with increasing reaction progress. This model has been discussed in detail by Fritz (1975 Fritz ( , 1981 and Tardy and Fritz (1981) . In this model, each of the considered endmembers contributes to the solid solution in proportion to the degree of its saturation in solution, according to the following equation
where X i is the molar fraction of the i-th endmember, Q i is the reaction quotient for the dissolution/ formation reaction of i-th endmember, and K i is the equilibrium constant for the i-th endmember. For a given solid solution, an apparent overall solubility constant K is calculated by considering simultaneously n equilibrium relationships, one relationship per endmember as follows log K ϭ log Q ϭ The minerals and their solubility constants used in the calculations are listed in table B1 and were taken from Tardy and Fritz (1981) and . This procedure of modelling the geochemistry of clay minerals during the dissolution of basaltic glass has previously been shown to be successful (Crovisier and others, 1992) .
